Gene order evolution in two eukaryotes was studied by comparing the Saccharomyces cerevisiae genome sequence to extensive new data from whole-genome shotgun and cosmid sequencing of Candida albicans. Gene order is substantially different between these two yeasts, with only 9% of gene pairs that are adjacent in one species being conserved as adjacent in the other. Inversion of small segments of DNA, less than 10 genes long, has been a major cause of rearrangement, which means that even where a pair of genes has been conserved as adjacent, the transcriptional orientations of the two genes relative to one another are often different. We estimate that about 1,100 single-gene inversions have occurred since the divergence between these species. Other genes that are adjacent in one species are in the same neighborhood in the other, but their precise arrangement has been disrupted, probably by multiple successive multigene inversions. We estimate that gene adjacencies have been broken as frequently by local rearrangements as by chromosomal translocations or long-distance transpositions. A bias toward small inversions has been suggested by other studies on animals and plants and may be general among eukaryotes.
T
he order and transcriptional orientation of genes along a chromosome can change during evolution by DNA inversions and transpositions or by chromosomal translocations. In bacteria, long strings of genes show conserved order and orientation between closely related species or strains, so that most rearrangements involve large pieces of DNA (1) (2) (3) (4) . Comparative genetic mapping in vertebrates and plants has shown that large syntenic regions are conserved, with breakpoints corresponding to interchromosomal translocations (5, 6) . More detailed mapping of some of these syntenic regions, however, has revealed several examples where the local gene order is not conserved (7) (8) (9) (10) (11) .
The extent of gene order conservation among ascomycete fungi previously has been estimated by comparing the S. cerevisiae genome sequence (12) to DNA sequences from other species, using either random ''genome survey'' sequences from both ends of small clones (13) (14) (15) or existing European Molecular Biology Laboratory database sequences (16) . Between Saccharomyces cerevisiae and Candida albicans, two species separated by 140 -330 million years (17, 18) , only one example of conserved gene order and orientation has been reported so far (STE6-UBA1; ref. 19) , whereas there are three cases of gene pairs that are adjacent in both species but where one gene has been inverted (RAD16 -LYS2, NFS1-LEU2 and RPS31-SEC10; refs. 15, 16, and 20 -22) . To investigate whether the apparently high frequency of inversions is general throughout the C. albicans genome we analyzed the genome sequence data currently available.
Methods
The 1,680 contig DNA sequences in the May 2000 data release (7ϫ coverage) from the C. albicans whole genome shotgun sequencing project at Stanford University were downloaded from http:͞͞www-sequence.stanford.edu͞group͞candida. The contigs range from 2 to 151 kb and total 16.2 Mb, which is approximately equal to the estimated genome size. The S. cerevisiae proteome was searched against these contigs by using gapped TBLASTN (23) with the seg filter (24) and a cutoff E value of 10 -10 . Reanalysis of the data using other cutoffs (10 Ϫ6 , 10 Ϫ20 ) did not change the results significantly. Gene locations in the Stanford contigs were estimated solely on the basis of TBLASTN hits to S. cerevisiae proteins, and we did not annotate them further. The sequences of six cosmids completely sequenced at the Sanger Centre were obtained from GenBank (accession numbers A L033391, A L033396, A L033497, AL033501, AL033502, and AL033503). Gene identifications for the Sanger Centre cosmids shown in Fig. 4 were made manually, and some of these involve matches weaker than E ϭ 10 Ϫ10 . C. albicans genes without orthologs in S. cerevisiae were ignored in the analysis of Stanford contigs, but are shown for the cosmids in Fig. 4 .
Results
Changes in Gene Order and Orientation. We used TBLASTN searches (23) with all S. cerevisiae proteins to estimate the locations of genes in the C. albicans contigs assembled at Stanford, thereby ignoring any C. albicans genes that do not have S. cerevisiae counterparts. The contigs contain 3,188 pairs of genes that appear to be adjacent in C. albicans (i.e., either they are adjacent, or any intervening genes do not have S. cerevisiae orthologs). For 298 pairs (9%), the S. cerevisiae orthologs are also adjacent. Despite remaining as neighbors, 103 of these pairs (35%) have different gene orientation or order in the two species. Ninetyone pairs can be explained by inversions of one gene, and 12 pairs require two inversions each (Fig. 1) . From this observation (115 single-gene inversions among 298 intergenic links), we estimate that the total number of single-gene inversions that have occurred in their genomes following the divergence of these species is about 1,100 (ϭ 5,800 genes in the genome ϫ 115͞298 Ϭ 2 links broken per inversion).
The set of 298 adjacent pairs includes 21 runs of three genes that have conserved gene order in the two species. Among these, 16 examples of apparent single-gene inversions are seen (Fig. 2) . The most dramatic example is the cluster SLU7-RRP1-SSS1, where the order is conserved but all three genes have reversed orientations. This example could be explained either by three independent single-gene inversions or by two short-distance transpositions, both of which seem quite improbable.
Other pairs of adjacent C. albicans genes have S. cerevisiae orthologs that are physically close to each other but are not immediate neighbors (Fig. 3) . The Stanford contig data include 97 pairs of adjacent C. albicans genes whose S. cerevisiae orthologs are separated by 1-5 intervening genes. Gene orientation and relative order are conserved in 28 of these pairs, which is only slightly more than the 24.25 expected by chance. These findings suggest that multigene inversions may have occurred, moving genes over short distances.
To further examine local gene order we studied six C. albicans cosmids (25) that were completely sequenced at the Sanger Centre. These sequence comparisons point to numerous rearrangements, both interchromosomal (translocations) and intrachromosomal (small inversions). Most of the long C. albicans sequences contain small clusters of genes whose S. cerevisiae orthologs also are physically clustered (Fig. 4) . These clusters are generally shorter than 10 genes in C. albicans and often are interspersed with genes from other S. cerevisiae chromosomes. The ends of the clusters probably correspond to sites of chromosomal translocations (16, 26, 27) . In some cases a cluster of genes in C. albicans is related to two S. cerevisiae genomic regions (blocks) that are paired by whole-genome duplication in the S. cerevisiae lineage (26) , as predicted by our model (16, 27) . The relationships shown in Fig. 4 comprise 32 orthologous genes and at least 11 independent inversions. It is not possible to estimate the exact sizes of these inversions (i.e., the numbers of genes involved) because, in all cases, the genes immediately upstream and downstream of the inverted ones are different in the two species. For example, the inversion of YLR423C in cosmid Ca49C10 might have included some of the four genes downstream of it in S. cerevisiae. However, the inversions must be relatively small because gene order is conserved at a coarser level (e.g., YLR423C is in-between YLR418C and YLR424W in both species). Similar scrambling of local gene order recently was reported by Mallet et al. (28) for the region around the CHS6 gene compared between S. cerevisiae and C. albicans.
The conservation of small neighborhoods of genes, without absolute conservation of order or orientation, suggests that small DNA inversions have contributed significantly to the evolution of ascomycete genomes. A further example is seen in cosmid Ca49C4 (Fig. 4) , which contains a pseudogene related to the C. albicans oligopeptide transporter gene OPT1 (29) and its S. cerevisiae homolog YJL212C. The pseudogene has 98% DNA sequence identity over 2 kb to part of OPT1, but a 0.3-kb internal segment has been inverted relative to OPT1 and other members of this gene family. There is also evidence for small inversions within the S. cerevisiae genome itself, where 11 of 655 duplicated genes associated with whole-genome duplication now show inverted orientation with respect to the flanking chromosomal regions (30) .
Relative Rates of Intrachromosomal Versus Interchromosomal Rearrangements. Small rearrangements keep genes within a local neighborhood, so we can use the C. albicans͞S. cerevisiae comparisons from the Stanford dataset (Figs. 1 and 3) to estimate the rate of small rearrangements (which we suggest are mostly inversions) relative to large rearrangements (translocations, larger inversions, and long-distance transpositions). Even if there had been no other chromosomal rearrangements, we would expect about half of the links between immediate neighbors in S. cerevisiae and C. albicans to have been broken by the process of random gene loss due to differential silencing after genome duplication in the S. cerevisiae lineage (26, 31) . The remaining breaks are the combined result of inversions, translocations, and transpositions. The fraction of links that has been conserved is under 10%, but this fraction has been reduced by a factor of 2 by genome duplication in S. cerevisiae. Consequently, chromosomal rearrangements are responsible for breaking over 80% of the links between neighbors. Assuming that breakpoints are made randomly, and using a Poisson distribution to correct for multiple hits, this implies that there have been an average of 1.6 breaks per link, or approximately 9,000 breakpoints in total since speciation. This argument assumes that the S. cerevisiae genome duplication occurred recently, but an identical conclusion is reached if the genome duplication is assumed to have occurred shortly after speciation. It also assumes that no other genome duplications have occurred in either lineage.
Statistical methods have been developed previously to estimate relative numbers of intrachromosomal and interchromosomal rearrangements between species (32), but these methods are not adaptable to the current problem because the kind of data being considered is local (the Stanford contigs are short relative to chromosomes) and because the number of rearrangements is close to saturation. It is problematic to model the small inversions directly because not enough is known about their size distribution. Instead, to model the combined processes of large and small chromosomal rearrangements, adjacent genes in C. albicans having orthologs on the same chromosome in S. cerevisiae were divided into two categories: gene pairs that are also adjacent in S. cerevisiae (state A), and gene pairs that are ''near-neighbors'' (syntenic but separated by a small number of genes) in S. cerevisiae (state B).
The number of gene pairs in the sequenced sample that are in state A is P A . In a time interval ⌬t the change in population of state A is
where L and S are the rates at which single intergenic links are broken by large and small rearrangements, respectively. Let I be the mean number of intervening genes for gene pairs that are near-neighbors in S. cerevisiae, so that I ϩ 1 is the mean number of intervening links. If we make the assumption that the average separation of this category of gene pair has been similar throughout the evolutionary history then
This assumption is justified because gene pairs in state B are unlikely to drift too far apart before their linkage is broken by a translocation. Large rearrangements (translocations) are taken to be the only way in which gene pairs leave state B because the number of gene pairs that are syntenic but not near-neighbors is small (Fig. 3) . Eq. 1 and 2 above can be treated as differential equations and solved, giving
At time 0 P A ϭ J͞2, where J is the number of gene pairs in the sample that are adjacent in C. albicans and have orthologs in S. cerevisiae, because S. cerevisiae has undergone genome duplication followed by differential silencing. Therefore C 1 ϭ J͞2. At time 0 P B ϭ 0, therefore
Eq. 3 and 4 provide an estimate of the proportion of all rearrangements that are small (S͞SϩL), given values for the number of conserved adjacent gene pairs (P A , which is 298; Fig. 3 ), the number of pairs that are adjacent in C. albicans but near-neighbors in S. cerevisiae (P B ) and the average spacing between near-neighbors (I). The values of P B and I can be calculated from the data in Fig. 3 but depend on the maximum number of intervening genes that is permitted in the definition of near-neighbors (I max ). In Fig. 3 there appears to be an excess of conserved linkages over short distances, up to a limit of at least five intervening genes and possibly as many as 20. The relationship between the estimated proportion of small rearrangements and I max is shown in Fig. 5 . Allowing a maximum of five genes between near-neighbors, 38% of broken links are attributed to small rearrangements. This increases to 67% for I max ϭ 20 genes. These results suggest that approximately equal numbers of linkages have been broken by small and large rearrangements. A limit of I max ϭ 5 also was suggested by an experiment where we compared the number of adjacent pairs in C. albicans whose homologs are syntenic in S. cerevisiae to those whose homologs are located on specific pairs of different chromosomes, as a way of estimating the ''background'' level of random gene associations in Fig. 3 (data not shown) .
Discussion
This study compares gene order between two eukaryotes based on whole genome sequence data. Our results suggest that successive random small inversions frequently cause a gene's chromosomal position and orientation to drift during its evolution. This process would alter gene order and orientation without moving any genes very far from their starting points. It also would tend to blur the endpoints of interchromosomal translocations. The mechanism by which small inversions occur is unknown, and our data are uninformative in this regard because intergenic sequences are highly diverged between C. albicans and S. cerevisiae. Our results also suggest that gene order in yeasts is relatively unconstrained by natural selection. The orientations of some pairs of adjacent genes, particularly those that are transcribed divergently from a shared regulatory region (such as the histone pair HTA1-HTB1) may be under selection, but the high frequency of rearrangement indicates that this type of constraint is the exception rather than the rule (cf. ref. 33 ). It is notable that divergently transcribed adjacent gene pairs are broken up at approximately the same frequency as pairs transcribed convergently or in parallel (Fig. 1) .
In our analysis we made an arbitrary distinction between small and large rearrangements, using a limit of five or 20 intervening genes based on inspection of Fig. 3 . The size distribution of inversions during evolution is unknown but it seems likely that there is a skewed distribution with a bias toward smaller sizes, either because of mechanistic reasons or natural selection against disruption of meiosis. A more accurate description of the size distribution is clearly needed but will require comparisons between more closely related yeast species. One evolutionary inversion in the S. cerevisiae genome whose size can be estimated by comparing to Kluyveromyces marxianus comprises eight genes and approximately 13 kb (34) .
Small inversions also may be frequent in eukaryotes other than fungi. For animals, Gilley and Fried (10) proposed that small gene order differences between Fugu rubripes and human may have been caused by inversions, and local rearrangements including gene inversions are seen in comparison of the DiGeorge syndrome region between human and mouse (8) . There also have been several reports of conserved synteny, but not gene order, between Caenorhabditis elegans and Drosophila melanogaster or mammals (35) (36) (37) (38) . Small inversions have been observed directly in comparisons of C. elegans vs. C. briggsae (39) and of D. melanogaster vs. D. buzzatii (40) and have been suggested by a genomewide analysis of the organization of tandem gene arrays in C. elegans (41) . For plants, analysis of duplicated regions in the Arabidopsis thaliana genome has revealed several inversions with sizes ranging from megabases (hundreds of genes) (42) (43) (44) down to single genes (44) . Quantifying the size distributions of local rearrangements in different eukaryotic kingdoms will require more extensive comparative sequence data. 
